CXCL10 was recently shown to exert antimalignancy functions by influencing the tumor microenvironment. Here, we have taken a different approach, investigating the effects of CXCL10 directly on tumor-promoting functions in colorectal carcinoma (CRC) cells. CXCL10 expression was detected in preferred metastatic sites of CRC (liver, lungs, and lymph nodes), and its CXCR3 receptor was expressed by eight CRC cell lines (detected: reverse transcription-PCR and/or flow cytometry). Detailed analysis was done on two cell lines derived from primary CRC tumors (SW480, KM12C) and their metastatic descendents (SW620 and KM12SM). The three known variants of CXCR3 (CXCR3-A, CXCR3-B, and CXCR3-alt) were detected in all four cell lines. CXCR3 expression was also observed on colorectal tumor cells in biopsies of CRC patients (immunohistochemistry). CXCL10 and CXCR3 expression were potently induced in CRC cells by Interferon ; and all four CRC cell lines responded to CXCL10 by extracellular signal-regulated kinase 1/2 dephosphorylation. The chemokine did not affect tumor cell growth or angiogenesis-related functions in the tumor cells, such as CXCL8 and vascular endothelial growth factor secretion. Importantly, CXCL10 significantly up-regulated invasion-related properties in CRC cells: It promoted matrix metalloproteinase 9 expression and induced CRC cell migration. Of note, CXCL10-induced migration was detected only in the two metastatic cells and not in their primary counterparts. Also, CXCL10 promoted the adhesion of metastatic cells to laminin. These results suggest that CXCL10 can be exploited by CRC cells toward their progression, thus possibly antagonizing the antimalignancy effects of the chemokine on the tumor microenvironment. Therefore, care should be taken when considering CXCL10 as a therapeutic antitumor modality for CRC treatment. [Cancer Res 2007;67(7):3396-405] 
Introduction
Colorectal carcinoma (CRC) is the fourth most abundant type of cancer in the world. 4 Most of the CRC patients die from metastases, predominantly in the liver, lungs, and lymph nodes (1) . Metastasis results from a complex cascade of events, necessitating the involvement of numerous tumor cell-derived factors and microenvironmental molecules, including specific chemokines (2) (3) (4) (5) .
In addition to their activities in the hematopoietic context, chemokines regulate tumor growth and metastasis in different ways-either by promoting or inhibiting these processes (3, 4, 6, 7) . The possible role of chemokines in metastasis has motivated us to investigate the hypothesis that chemokines, which are expressed at preferred metastatic sites of CRC, may not only affect the tumor microenvironment, but also directly regulate malignancy-associated properties in the tumor cells. Accordingly, in this study, we focused on chemokines that are expressed at preferred metastatic sites of CRC, whose corresponding receptors are expressed by CRC cells.
An initial screen has extended published analyses on the expression of chemokines in organs that constitute preferred metastatic sites of CRC such as liver, lungs, and lymph nodes (e.g., refs. [8] [9] [10] [11] . In parallel, the expression of the corresponding receptors for these chemokines by CRC cells was studied. Based on the results obtained in the initial screen, we have focused in the present study on the CXCL10 chemokine and its CXCR3 receptor.
CXCL10 is a member of the subfamily of Interferon g (IFNg)-inducible, non-ELR CXC chemokines and is expressed by a large variety of cell types. It functions as a major chemoattractant for activated T cells and natural killer cells (12) (13) (14) . Recently, numerous studies on the roles played by IFNg-inducible CXCR3 ligands in malignancy, primarily CXCL10, have been gathered into the concept of ''immunoangiostasis'' (15) . This term reflects the ability of CXCR3 ligands to exert concomitantly two tumorinhibiting properties on cells of the tumor microenvironment: (a) recruitment of CXCR3-expressing mononuclear cells with antitumor activities into tumor sites and (b) antagonizing the vascularizing effects of powerful angiogenic factors (12) (13) (14) (15) (16) .
Although the antimalignancy activities of CXCL10 were determined in several tumor systems, only a limited number of studies analyzed its role in CRC, primarily in murine model systems (17) (18) (19) (20) (21) . Moreover, these analyses did not address the highly important issue of whether the chemokine affects the expression of malignancy-related properties by CRC cells, from murine or human sources.
In this study, we have taken a different approach, analyzing the direct activities of CXCL10 on CRC cells that express CXCR3, the receptor for CXCL10. The findings reported in this study indicate that CXCL10 acts directly on CRC tumor cells to promote their promalignancy/prometastatic characteristics, and suggest that the tumor cells exploit the chemokine for promoting their invasive capacities. Moreover, our study dissociates between primary and metastatic cells and shows that the two cell types respond differently to the tumor-supporting activities of CXCR3 ligands.
The identification of such effects for CXCL10 is important because it suggests that at CRC tumor sites, the chemokine has two opposing effects: antimalignancy functions, which are exerted on the tumor microenvironment, versus promalignancy activities, which are mediated by its ability to act directly on the tumor cells. Overall, the present observations emphasize the need for a cautious approach when considering CXCL10, and possibly other IFNginducible CXCR3 ligands, as therapeutic measures in malignancy, and call for further elucidation of the roles played by CXCR3 ligands in CRC and in malignancy in general.
Materials and Methods
CRC cell lines. The SW480 and SW620 CRC cell lines were obtained from the American Type Culture Collection (Manassas, VA). The SW480 cell line was derived from a primary Duke B CRC, whereas the SW620 line was derived from a lymph node metastasis of the same patient (22) . The KM12C and KM12SM CRC cell lines were kindly provided by Dr. I.J. Fidler (Department of Cancer Biology, M.D. Anderson Cancer Center, Houston, TX). The KM12C cell line was derived from a Duke B2 CRC primary tumor, whereas the KM12SM cell line was originated in liver metastasis that developed in BALB/c nude mice inoculated with KM12C cells to cecum (23) . The study included four additional CRC cell lines (primary, 474 and 1203; liver metastasis, 1086; lymph node metastasis 0485), kindly provided by Dr. D.L. Morton (John Wayne Cancer Institute, Santa Monica, CA).
RNA preparation. Total cellular RNA was isolated from serum-deprived CRC cell lines using the EZ-RNA kit, according to the manufacturer's instructions (Biological Industries, Beit Haemek, Israel). Chemokine expression by human liver was determined on human liver polyadenylic acid [poly(A)] RNA purchased from Ambion (Austin, TX). Murine lungs, livers, and lymph nodes were harvested, washed with ice cold PBS, and then immediately put on dry ice. Small pieces of the frozen tissues were taken for RNA isolation, as described above.
Reverse transcription-PCR and product sequencing. Total RNA (2 Ag) derived from CRC cell lines or 100 ng of human liver poly(A) RNA samples were used for generation of first-strand cDNA synthesis. The first-strand cDNA was subjected to PCR reaction, as detailed in the Supplementary Material. Reactions without cDNA and reactions without reverse transcriptase ruled out DNA contamination in all samples. PCR products were sequenced and aligned with the corresponding published sequences.
Flow cytometry. CRC cells were grown in serum-free medium [containing 0.5% bovine serum albumin (BSA)] with or without recombinant human (rh) IFNg (PeproTech, Rocky Hill, NJ) for 48 h, then stained by primary antibodies directed against CXCR3 (R&D Systems, Minneapolis, MA) or against IFNg receptor (Serotec, Oxford, United Kingdom). This was followed by incubation with FITC-conjugated goat anti-mouse IgG antibodies (Jackson Immunoresearch Laboratory, West Grove, PA). Baseline staining was obtained by adding cell sorter medium to the cells instead of primary antibody. Additional negative controls included irrelevant isotypematched antibodies that confirmed the specificity of the staining (data not shown).
Immunohistochemistry of CXCR3 and CD3 expression in CRC tumors. CRC patients were enrolled to Sheba Medical Center (TelHashomer, Israel). The study was approved by the Helsinki Committee of Sheba Medical Center. In brief, formalin-fixed colorectal tumors from five CRC patients were dehydrated, embedded in paraffin, and sectioned at 4 Am. For CXCR3 staining, antigen retrieval was done using microwave at 98jC for 20 min in citrate buffer (pH 6). Subsequently, an endogenous peroxidase block was done for 10 min in 3% H 2 O 2 /methanol. After rinses in TBS, sections were incubated with antibodies against CXCR3 (R&D Systems; 1:40) for 90 min at room temperature. Detection was done with the Envision Dual link, horseradish peroxidase (HRP)-labeled (Dakocytomation, Copenhagen, Denmark), for 30 min at room temperature. After TBS rinses, antibody binding was visualized with the substrate-chromogen AEC and counterstained with hematoxylin. For all tumors analyzed, negative controls included sections in which the primary antibody was replaced by PBS, as well as sections stained by an irrelevant isotype-matched antibody. No staining was detected in these negative control slides (data not shown). For CD3 staining, antigen retrieval was done using a pressure cooker at 110jC for 3 min in citrate buffer (pH 6). Subsequently, antibodies to CD3 (Dakocytomation; 1:100) were used according to routine procedures at the Department of Pathology, Sheba Medical Center, in an automated immunostainer (NEXES, Ventana Medical Systems, Tucson, AZ) using an I View DAB detection kit (Ventana Medical Systems).
Extracellular signal-regulated kinase 1/2 phosphorylation. CRC cell lines were grown in serum-free medium (as above) with or without rhCXCL10 (PeproTech) for 24 h. Cell lysates were subjected to SDS-PAGE and Western blotting with rabbit polyclonal antibodies against phosphorylated extracellular signal-regulated kinase 1/2 (Erk1/2; R&D Systems). As loading control, rabbit polyclonal antibodies against Erk2 (Santa Cruz Biotechnology, Santa Cruz, CA) were used. Detection was done by secondary HRP-conjugated goat antibodies against rabbit IgG (Jackson Immunoresearch Laboratory). Bands were visualized by chemiluminescence-enhanced reaction (Amersham, Buckinghamshire, United Kingdom).
Matrix metalloproteinase expression. CRC cell lines were grown in serum-free medium (as above) with or without rhCXCL10 (PeproTech) for 48 h. Cell supernatants were subjected to SDS-PAGE and Western blotting using monoclonal mouse antibodies against pro/active human matrix metalloproteinase 9 (MMP9; 8 Ag/mL, MAB936, R&D Systems), followed by HRP-conjugated goat antibodies against murine IgG (Jackson Immunoresearch Laboratory). Protein loading was determined by Ponceau staining.
ELISA assays. For detection of CXCL8 and vascular endothelial growth factor (VEGF), CRC cell lines were grown in serum-free medium (as above) with or without rhCXCL10 (PeproTech) for 48 h. Supernatants were collected, and CXCL8 and VEGF expression was determined by ELISA detection kit according to the manufacturer's instructions (R&D Systems and PeproTech, respectively; data not shown). For detection of CXCL10, CRC cell lines were grown in the same medium, with or without rhIFNg for 24 h. Supernatants were collected, and CXCL10 expression was determined by ELISA detection kit according to the manufacturer's instructions (PeproTech). Statistical analysis was done by Student's t test.
Cell growth. CRC cell lines were grown in serum-free medium (as above) with or without rhCXCL10 (PeproTech) for 72 h in a 96-well plate. Proliferation was determined by an endogenous alkaline phosphatase (ALP) assay, by the addition of an ALP substrate buffer, containing 3 mg/mL p-nitrophenyl phosphate disodium (Sigma-Aldrich, St. Louis, MO). Preliminary calibration of the ALP assay indicated that it provides a reliable measurement of cell proliferation (data not shown). Absorbance was measured at 405 nm. Statistical analysis was done by Student's t test.
Migration. The migration of serum-deprived CRC cells was assessed by a 48-well modified Boyden chamber technique. Briefly, the lower compartment of the chamber was loaded with serum-free medium or rhCXCL10 (PeproTech) diluted in a similar medium, whereas the upper compartment of the chamber was loaded with 4 Â 10 6 /mL cells (resuspended in a similar medium). The two compartments were separated by a 10 Am pore-sized PVPF polycarbonate membrane coated either by 30 Ag/mL laminin (SigmaAldrich) for SW480 and SW620 cells, or by 50 Ag/mL rat collagen type I (Collaborative Biomedical Products, Bedford, MA) for KM12C and KM12SM cells. Following 6-h incubation at 37jC, cells on the upper side of the membrane were removed, and the cells on the lower side were fixed and stained with a Diff-Quik kit (Dade Behring, Beerfield, IL). The migrated cells in several high-power fields (in each of the triplicates done) were counted by light microscopy. The statistical significance of the number of cells migrating in response to stimuli versus to medium was evaluated by Student's t test.
Adhesion assays. Non-tissue culture 96-well plates were coated with or without rhCXCL10 (PeproTech) at room temperature for 1 h. Following washes with PBS, the plates were coated with 30 Ag/mL laminin (SigmaAldrich) for an additional 1 h at room temperature. Following additional washes, the plates were coated by 1% heat-inactivated BSA for 30 min at room temperature. The plates were washed twice by PBS, then 100 AL of 4 Â 10 5 /mL serum-starved SW620 cells were added. The plate was centrifuged for 7 or 10 min at room temperature. Nonadherent cells were removed by washings with ice-cold PBS. The number of adhering cells was evaluated by the ALP test described above. Statistical analysis was done by Student's t test.
Results
Expression of chemokines in metastatic organs of CRC and expression of chemokine receptors by CRC cells. The aim of the present research was to gain better knowledge on the roles played by chemokines and their corresponding receptors in CRC metastasis. Colon carcinoma cells metastasize mainly to the liver, lungs, and lymph nodes, sites in which the expression of several chemokines was already detected, for example, the expression of CCL19 and CCL21 in lymph nodes and of CCL20 in the liver (8) (9) (10) (11) .
Analyses that were done on CCL19, CCL20, and CCL21 expression in liver, lungs, and lymph nodes from human and/or murine sources have shown that all these chemokines were expressed by the three CRC metastatic sites (Fig. 1A) , confirming and expanding results obtained by other investigators (8) (9) (10) (11) . The analysis was further extended to inflammatory chemokines at these sites, based on publications showing that such chemokines may be constitutively expressed, at least to some extent, at sites such as liver (e.g., CXCL10; refs. [24] [25] [26] [27] , thus providing a first line of defense against infections. As shown in Fig. 1A , in contrast to CCL2 whose expression was limited to only several of the sites, CXCL10 was expressed at all three CRC metastatic sites: liver, lungs, and lymph nodes.
In view of the possibility that metastasis is regulated by an interaction between chemokines secreted from cells in the target sites of tumor spread, and the corresponding receptors expressed by the tumor cells, we measured the expression of receptors for the above chemokines by CRC cells. To this end, we have used two model systems, which are based on the working hypothesis that tumor cells that have successfully formed metastases are equipped with unique properties that distinguish them from their counterparts at the primary site. As this may be true also for the responses of the two different cell types to chemokines, we compared in the present study cells that were derived from the primary tumor site and their metastatic descendents. The two pairs of primary and metastatic cells used in our study were as follows: (a) SW480 and SW620, respectively (22); (b) KM12C and KM12SM, respectively (23) (see also Materials and Methods). In each pair, the primary and the metastatic cells originated from the same patient, thus having the same genetic background.
In these four cell types, we measured the expression of receptors for chemokines that are expressed by all CRC metastatic sites, namely CCL19, CCL20, CCL21, and CXCL10. Using reverse transcription-PCR (RT-PCR), the three corresponding receptors-CCR6, CCR7, and CXCR3-were detected on all four CRC cells (Fig. 1B) . Whereas the expression of CCR6 and CCR7 by CRC cells was already described (28, 29) , the finding on the expression of CXCR3 is novel.
Analyzing the expression of the three chemokine receptors at the protein level (by flow cytometry), it was found that only CXCR3 was expressed at the cell membrane of the four CRC cell lines mentioned above ( Fig. 2A) , as well as by four additional CRC cell lines (474, 1203, 1086, and 0485; data not shown). In contrast, no cell surface expression of CCR6 or of CCR7 was detected by the different CRC cells (data not shown). The expression of the CXCR3 receptor by a large number of CRC cells suggests that this receptor is a general characteristic of CRC cells.
In view of the fact that CXCL10 is expressed at the microenvironment of metastatic CRC cells, as well as at primary tumor sites (30) , and in view of the novel finding that CXCR3 is expressed by CRC cells, we focused on CXCL10-CXCR3 interactions in CRC cells and on the effects induced by CXCL10 on the malignancy phenotype of these cells.
CRC cell lines express all three known CXCR3 variants. Recently, it was shown that CXCR3 has three variants: CXCR3-A, CXCR3-B, and CXCR3-alt (31, 32) . The expression of the different CXCR3 variants by the SW480, SW620, KM12C, and KM12SM CRC cell lines was analyzed by RT-PCR. The results shown in Fig. 1B indicate that the three CXCR3 variants are expressed by all four cell types. Sequencing of the RT-PCR products confirmed the identity of these receptor variants. In all four CRC cells, another band was detected between the CXCR3-A and CXCR3-alt bands. This band, termed CXCR3-?, was generated by using specific primers for CXCR3-A and CXCR3-alt. Partial sequencing showed homology to CXCR3; however, the identity of this receptor remains to be fully determined. The expression of CXCR3 by CRC cells was determined by flow cytometry, using specific antibodies to CXCR3, followed by secondary antibodies. Baseline, cells stained by secondary antibodies only. Negative controls also included irrelevant isotype-matched antibodies (not shown). Representatives of five to seven independent experiments done for each cell line. B , CXCR3 expression in biopsies taken from human colorectal tumors. Magnification, Â400. The expression of CXCR3 was determined by immunohistochemistry by using specific CXCR3 antibodies. Two negative controls were included (not shown): (1) sections stained by an irrelevant isotype-matched antibody; (2) sections stained by PBS instead of antibodies against CXCR3. Both controls were negative. B1a and B1b, sections taken from the same CRC patient. B2, a section taken from a different CRC patient. CXCR3 expression was detected in tumor cells of all CRC biopsies that were analyzed. C , consecutive staining of CXCR3 (C1 ) and CD3 (C2) in serial sections, in the same CRC tumor. Black arrows, membranous apical expression of CXCR3 by the tumor cells. Magnification, Â400.
Tumor biopsies of CRC patients reveal the expression of CXCR3. In view of the possible importance of CXCR3 expression by CRC cells, we have extended our analyses and determined the expression of CXCR3 by colorectal tumor cells in biopsies of patients. Our immunohistochemical analysis provides the first evidence to the expression of the CXCR3 receptor by CRC cells in tumors ( Fig. 2B and C1 ). In line with published findings on CXCR3 expression by lymphocytes (33), significant staining of CXCR3 was detected also by the tumor-residing lymphocytes. Consecutive staining of serial sections by antibodies against CXCR3 and CD3 has shown the membranous expression of CXCR3 by CRC tumor cells (Fig. 2C ), which were clearly distinguishable from the infiltrating lymphocytes. More specifically, the figure shows carcinoma glands with apical membranous CXCR3 expression by the tumor cells (Fig. 2C1, black arrows) . Taken together with our observations on CRC cell lines, these in situ results support the possibility that CXCR3 plays a role in CRC malignancy.
IFN; stimulates CXCL10 and CXCR3 expression by CRC cells. The expression of CXCL10 at the microenvironment of metastatic and primary CRC tumors (our current results and refs. [24] [25] [26] [27] 30) suggests that the chemokine may act on CRC cells at these sites, and affects their phenotype. Such paracrine activities of CXCL10 can be complemented by CXCL10 secreted from the tumor cells themselves, either constitutively or after exposure to microenvironmental stimuli.
As shown in Fig. 3A and B, the two primary cells and their metastatic descendents did not secrete CXCL10 constitutively. In view of the fact that CXCL10 has been well characterized to be upregulated by IFNg (12-14) , we determined the effects of IFNg on CXCL10 secretion by the CRC cells, which express IFNg receptors CXCL10 expression was detected by ELISA assay before and after stimulation by IFNg for 24 h. *, P < 0.02; **, P < 0.008; ***, P < 0.0008. Insets, expression of IFNg receptors by the cells. Baseline, cells stained by secondary antibodies only. Negative controls also included irrelevant isotype-matched antibodies (not shown). In all parts of the figure, the results are representatives of at least three independent experiments. C1 to C3, CXCR3 expression by SW620 cells after stimulation by IFNg. CXCR3 expression was determined by fluorescence-activated cell sorting analysis before (C1 ) and after stimulation by IFNg (C2, 10 ng/mL; C3, 100 ng/mL) for 48 h. In all parts of the figure, the results are representatives of at least three independent experiments.
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Cancer Res 2007; 67: (7 Fig. 3A and B) . Exposure of the four CRC cell lines to IFNg induced a potent CXCL10 secretion from these cells in a dose-dependent manner ( Fig. 3A and B) . Moreover, analysis of the SW620 cells indicated that IFNg up-regulated not only CXCL10 expression by the cells, but also CXCR3 expression, in a dose-dependent manner (Fig. 3C) .
These results raise the possibility that IFNg produced by infiltrating T cells up-regulates the secretion of CXCL10 by the tumor cells, and also of CXCR3. The tumor cell-derived CXCL10, joining forces with microenvironmentally derived CXCL10, may then act directly on the tumor cells that were induced to express elevated levels of CXCR3, giving rise to amplification of the effects of CXCL10 on the malignancy phenotype of CRC cells.
CXCL10 regulates intracellular signaling in CRC cell lines. The expression of CXCR3 receptors by CRC cells has led us to determine the ability of the corresponding CXCL10 ligand to affect signaling in CRC cells. To this end, we focused on Erk phosphorylation as this signaling component is regulated by G proteincoupled receptors, including CXCR3 (34, 35) .
The SW480, SW620, KM12C, and KM12SM CRC cells were exposed to 10 or 50 ng/mL of CXCL10 for different time points. Figure 4 shows that CXCL10 induced a down-regulation of Erk1/2 phosphorylation in the primary CRC cells as well as in their metastatic descendents, to the following extents: 28% to 67% reduction in SW480 cells (three independent experiments), 29% to 68% in SW620 cells ( four independent experiments), 47% to 77% in KM12C cells ( four independent experiments), and 35% to 82% down-regulation of Erk1/2 phosphorylation in KM12SM cells ( four independent experiments).
Together, these results indicate that CXCL10 is functionally active on CRC cells and that one of the signaling components it may affect is Erk phosphorylation. These results suggest that various signaling pathways induced by the chemokine can regulate the ability of CRC cells to express promalignancy activities.
CXCL10 does not regulate angiogenesis-related properties and growth of CRC cells. In line with the possibility mentioned above, we have determined the ability of CXCL10-as a chemokine that is expressed at the microenvironment of CRC tumors, and also by the tumor cells upon stimulation by IFNg-to act directly on CRC cells and to affect their tumorigenicity-and metastasis-related functions. The chemokine, used at the 10 to 700 ng/mL concentration range, did not affect the secretion from the tumor cells of the highly potent angiogenic factors VEGF and CXCL8 (data not shown). Also, CXCL10 at 50 and 500 ng/mL did not affect CRC cell growth (data not shown).
These results indicate that CXCL10 does not affect the growth of CRC cells and does not modify their ability to secrete angiogenic factors playing key roles in CRC growth and metastasis.
CXCL10 promotes promalignancy and invasive activities in CRC cells. Next, we analyzed the ability of CXCL10 to affect invasion-related functions by CRC cells. First, we have determined CXCL10 effects on MMP9 expression, as this matrix-degrading enzyme is a well-characterized contributor to CRC malignancy (36) . This analysis showed that CXCL10 up-regulated the secretion of MMP9 from CRC cells. As shown in Fig. 5 , CXCL10 induced the expression of the f95 kDa pro-active form of MMP9 in SW480 cells. Also, CXCL10 promoted in SW620 and in KM12C cells the expression of the f64 kDa c-truncated form of MMP9, which was identified to have impaired sensitivity to inhibition by tissue inhibitors of MMP (37) and therefore is highly important in cancer. Similar analyses in KM12SM cells did not produce consistent results (data not shown).
We next assayed the ability of CXCL10 to induce CRC cell migration, being a prerequisite for interstitial motility of tumor cells at metastatic sites (38) . Figure 6A and B shows that the metastatic SW620 and KM12SM cells migrated potently to CXCL10. However, in contrast to the metastatic cells, CXCL10 did not induce reproducible migration of their primary counterparts, SW480 and KM12C (Fig. 6A and B) .
An increased malignancy phenotype is accompanied by an augmented capacity of tumor cells to adhere to components of the extracellular matrix. The experiment shown in Fig. 6C indicates that CXCL10 promotes the adhesion of SW620 metastatic CRC cells to laminin. Because adhesion is fundamental for migration, the adhesion-promoting activity of CXCL10 may enhance the motility of metastatic CRC cells at CXCL10-expressing microenvironments, such as CRC metastatic sites.
These results led us to hypothesize that by augmenting MMP secretion from CRC cells, by inducing the migration of CRC cells and by promoting CRC cell adhesion to extracellular matrix molecules, CXCL10 contributes to invasion and metastasis formation by CRC cells. The fact that metastatic CRC cells are better equipped to respond to the migratory signals of CXCL10 than the primary CRC cells supports this hypothesis. Evidently, these tumor-promoting functions of CXCL10 may be active side by side with the tumorinhibiting functions of the chemokine, which are exerted on the tumor microenvironment. To answer the question which of the two dominates, one has to perform in vivo experiments. However, as discussed below, this is not a trivial task in view of the existence of three CXCR3 receptors in human cells (and an additional one in the CRC cells used in our study, which are of human origin).
Discussion
The findings of this study indicate that the chemokine CXCL10 can act directly on CRC cells and promote their ability to express invasion-related properties. These observations are of interest in view of the well-documented antimalignancy functions of CXCL10 and other CXCR3 ligands, primarily by acting on nontumor cells at the tumor microenvironment (12) (13) (14) (15) (16) , including in CRC of murine origin (17) (18) (19) (20) (21) . However, these studies neither addressed the question if the chemokine directly regulates malignancy-related properties of CRC cells nor have they been expanded to investigations of human CRC systems.
Based on immunohistochemical analyses of CRC biopsies and on flow cytometry of CRC cell lines, our findings indicate that CXCR3 expression is a general characteristic of human CRC cells. The expression of CXCR3 by the tumor cells raises the possibility that they interact with the CXCL10 chemokine, which is found at their microenvironment, and as our findings also show is expressed by IFNg-stimulated CRC cells. Indeed, our findings indicate that CRC cells can use CXCL10 for their own benefit, as the chemokine promotes invasion-related properties, such as the expression of matrix-degrading enzymes, in primary as well as in metastatic CRC cells. This function of CXCL10 may come into effect at the primary and metastatic tumor sites, as the chemokine is actually expressed in these loci (our current results and refs. [24] [25] [26] [27] 30) . This function of CXCL10 is complemented by more specific effects that are restricted to the metastatic cells, as indicated by the ability of the chemokine to enhance the migration of the metastatic CRC cells, but not of their primary counterparts. Therefore, CXCL10 may promote interstitial motility and adherence (as shown in our results) in CRC cells that have reached the metastatic loci.
The malignancy-enhancing functions of CXCL10 on CRC cells, observed at the level of MMP production, migration, and adhesion, suggest that the chemokine acts differentially on the tumor microenvironment and on the tumor cells: Although the chemokine increases the infiltration of immune cells and reduces angiogenesis, thus exerting antimalignancy functions, it may, on the other hand, increase tumorigenicity and metastasis by acting directly on the tumor cells to promote their tumor-supporting characteristics. However, it is also possible that these two activities of CXCL10 are connected and interdependent, in the following manner: This study and others (24) (25) (26) (27) 30) have indicated that CXCL10 is expressed constitutively at CRC primary and metastatic sites. The expression of this chemokine at these sites may induce the recruitment of Th1 cells to these loci. Th1 cells that localize at the tumor site may exert antitumor activities (e.g., by virtue of the release of IFNg). However, it is possible that this cytokine not only potentiates tumor-inhibiting immune functions but also has other effects, such as inducing up-regulation of CXCL10 release by the tumor cells and by other cells at the tumor microenvironment. More so, the elevated levels of IFNg may up-regulate the expression of CXCR3 by the CRC cells, thus equipping them with improved ability to respond to CXCL10. Together, the exacerbated levels of CXCL10, which are present at the tumor microenvironment, joined by increased CXCR3 expression by the tumor cells, may enable potentiated activities of CXCL10 on the tumor cells. Eventually, such promoted activities of CXCL10 on CRC cells may amplify their promalignancy activities, thus supporting their metastatic potential.
The ability of CXCL10 to induce Th1 infiltration to tumor sites, followed by the secretion of IFNg with its potential deleterious effects, is of major interest. It suggests that Th1 cells may turn into detrimental components at the tumor site, as they may be skewed to a tumor-promoting entity. This is in marked contrast to the possible role of CD8 + cells, which were recently suggested to be associated with good prognosis in CRC (39) (40) (41) . Taken together with our findings, these observations suggest that the content and the actual phenotype of lymphocytes that are present at the tumor site may play a role in dictating the fate of the tumor cells and of metastasis.
The above-suggested model exemplifies a possible scenario of CXCL10 activities in shaping the malignancy phenotype of CRC by acting directly on the tumor cells. However, as described above, the Figure 6 . CXCL10 induces migration and adhesion of metastatic CRC cells. The migration of SW480 (A1 ) and SW620 (A2) cells was assessed in a 48-well modified Boyden chamber. For SW620 cells, the results are of one representative experiment of three to four independent experiments. Columns, mean; bars, SD. ***, P < 0.005, difference between CXCL10-stimulated and unstimulated cells. In SW620 cells, 250 ng/mL of CXCL10 induced migration in all four experiments done (100 and 500 ng/mL, in two of three experiments). For SW480 cells, the results are of four independent experiments. Columns, mean; bars, SE. The migration of KM12C (B1 ) and KM12SM (B2 ) cells was assessed in a 48-well modified Boyden chamber. *, P < 0.02; **, P < 0.01; ***, P < 0.005, difference between CXCL10-stimulated and unstimulated cells. For KM12SM cells, the results are of one representative experiment of three independent experiments. Columns, mean; bars, SD. For KM12C cells, the results are of two independent experiments. Columns, mean; bars, SE. C, CXCL10 promotes the adhesion of SW620 cells to laminin. Representatives of nine readouts, obtained for CXCL10-induced adhesion in three independent experiments, all showing significance for CXCL10 effects (P < 0.01-P < 0.0001 in the different experiments).
chemokine also restrains tumor progression by acting on the tumor microenvironment. These two contradicting activities of CXCL10 may come into effect at different stages of the disease. The question of which of the two activities dominates, and at what phase of tumor progression, remains open but warrants a serious consideration. Because of the dual activity of CXCL10, and its possible opposing effects on the progression of CRC, such a question cannot be addressed by neutralizing CXCL10. Rather, one should downregulate CXCR3 in CRC cells and determine the malignancy phenotype of the cells in xenograft model systems. This approach is challenging when studying human cells because human cells express three CXCR3 variants (and another one is expressed in the CRC cells used in our study). As based on published data, each of the CXCR3 receptors may have its own specific activities, as was already suggested for breast cancer and multiple myeloma cells (31, (42) (43) (44) . Therefore, to provide a conclusive understanding of the roles played by CXCR3 in the progression of CRC, a separate in vivo study should be done in which each of the different CXCR3 variants alone, and in varying combinations, will be knocked down. Only such an analysis will enable to determine which of the CXCR3 variant(s) is(are) responsible for the promalignancy effects of CXCL10 on CRC cells and what are the implications of such CXCL10 activities on the malignancy phenotype of these tumor cells.
Of note, the findings emerging from our study, demonstrating that CXCL10 directly supports metastasis-promoting activities in CRC cells, join other studies that have recently debated the absolute view of CXCR3 and its ligands as antimalignancy factors. For example, research done on melanoma, multiple myeloma, and breast cancer has shown that IFNg-inducible CXCR3 ligands have malignancypromoting functions. Specifically, the different studies showed that tumor cell lines express CXCR3, that CXCR3-expressing tumor cells respond to its ligands, and that the expression of the receptor by tumor cells in clinical samples may be linked to tumor progression (45) (46) (47) (48) (49) (50) .
The significance of the above-mentioned studies and ours is that they offer a paradigm shift. Until recently, CXCR3 ligands were considered as potent, and absolute, antimalignancy factors. Our study as well as those mentioned above suggest that CXCR3 ligands can have opposing effects on malignancy. Because this notion is not fully substantiated as yet in the field, and in view of the emerging debate on the roles played by CXCR3 and its ligands in tumor progression, it is imperative to consider findings such as ours when aiming at getting a comprehensive view of the effects of IFNg-inducible chemokines and of CXCR3 on malignancy. In particular, our findings and others call for a cautious approach when considering the use of these chemokines as therapeutic modalities in the treatment of CRC, and possibly in other cancer diseases.
